The authors present the Minnesota Heart Failure Criteria (MHFC), derived using latent class analysis from widely available items in the Framingham Criteria. The authors used 1995 and 2000 data on hospitalized Minnesota Heart Survey subjects discharged after myocardial infarction or heart failure (N ¼ 7,379). Selected Framingham Criteria variables (dyspnea, pulmonary rales, cardiomegaly, interstitial or pulmonary edema on chest radiograph, S 3 heart sound, tachycardia) plus left ventricular ejection fraction were used. The discriminatory power of the MHFC was evaluated using age-and sex-adjusted 2-year mortality. A five-class latent class analysis model was collapsed into cases and noncases. Mortality estimates discriminated noncases (18%) from cases (43%) (p < 0.001). The MHFC performed better than previous truncated criteria (Framingham Criteria: 26% noncases, 43% cases; Duke Criteria: 29%, 40%; Killip Score: 31%, 44%; Boston Score: 28%, 45%). In a subset of patients admitted for heart failure (n ¼ 5,128), the MHFC identified all but 2% (116/4,746) of cases found with a nearly full version of the Framingham Criteria. In terms of prognostic value, the MHFC are as precise as or more precise than several previous sets of truncated criteria. They closely approximate a nearly full version of the Framingham Criteria but require many fewer variables and can facilitate epidemiologic case-finding for heart failure.
Heart failure is a major public health problem affecting over five million persons in the United States and over 23 million worldwide (1) . The epidemiologic study of heart failure, however, has been partly impeded by the absence of a universally agreed-upon case definition (2) (3) (4) (5) (6) (7) (8) (9) (10) (11) (12) . Though numerous case definitions have been introduced into the literature-primarily in the form of epidemiologic classification schemes (13) (14) (15) (16) (17) (18) (19) -most, if not all, of these criteria are based solely on a composite of signs and symptoms and ignore left ventricular ejection fraction (LVEF), a key index of underlying cardiac physiology for which there was limited data availability when the criteria were being developed (3, 5, 8, 20) . In addition, existing criteria were evaluated using standard measures of validity (e.g., sensitivity and specificity), all of which assume a perfect reference standard; given the absence of a diagnostic gold standard for heart failure, there is considerable uncertainty in the estimates of validity obtained for these criteria.
In their original conception, the Framingham Criteriaarguably the most widely used epidemiologic criteria for heart failure-were defined by combining 17 ''major'' or ''minor'' heart-failure-related variables to form a diagnosis of heart failure in dichotomous categories (heart failure/no heart failure) (21) . However, in practice, the Framingham Criteria are often implemented using only a subset of these variables, since data on many of the characteristics (e.g., circulation time) are no longer collected in routine clinical practice. It would therefore be of interest to evaluate the validity of a more abridged form of the criteria and compare this result with that of the original Framingham Criteria. Moreover, the incorporation of data on LVEF could enhance the classification process.
We present a novel epidemiologic classification scheme for heart failure-the Minnesota Heart Failure Criteriaderived from widely available items used in the Framingham Criteria, employing latent class analysis (LCA), a probabilistic approach to disease classification which allows for and can potentially identify more precise categories of disease conditions. Validation of the Minnesota Heart Failure Criteria was performed under the assumption that persons with true cases of heart failure will have a higher risk of mortality than noncases in the 2 years following hospitalization.
MATERIALS AND METHODS

Study population
The study included a population-based sample of patients whose records were abstracted as part of the Minnesota Heart Survey for the hospitalization discharge years 1995 and 2000. Patients were selected from two independent components of the Minnesota Heart Survey: the Acute Myocardial Infarction Study (22) and the Community Surveillance of Congestive Heart Failure Study (23) .
Acute myocardial infarction study. Patients selected for the Minnesota Heart Survey Acute Myocardial Infarction (MHSAMI) Study for the 1995 hospital discharge year were considered (22) . Participants were residents of the Minneapolis-St. Paul, Minnesota, metropolitan area during 1995 and were between the ages of 30 and 74 years. Patients were hospitalized with an eligible International Classification of Diseases, Ninth Revision (ICD-9), discharge code for acute myocardial infarction (i.e., ICD-9 codes 410 and 411) in any of the participating regional acute-care hospitals. Trained nurses abstracted data on a 40 percent sample of men and an 80 percent sample of women. Relevant data on signs and symptoms, medical history, cardiac enzyme levels, clinical complications, therapy, and autopsy results were gathered.
Congestive heart failure study. All patients in the Minnesota Heart Survey Congestive Heart Failure (MHSCHF) Study had an eligible ICD-9 discharge code for heart failure (i.e., ICD-9 code 428 or another heart-failure-related discharge code) during 1995 or 2000 (23) . Consistent with the MHSAMI, patients were residents of the MinneapolisSt. Paul metropolitan area at the time of the index hospitalization, but in MHSCHF they were between the ages of 35 and 84 years. Trained nurses abstracted data from 50 percent of all hospital discharges and gathered data on patient demographic factors, medical history, physical examination, electrocardiographic findings, chest radiography, and blood laboratory results and, where available, basic information on cardiac imaging (including current and historical LVEF) and cardiac catheterization.
Combined data set. A combined data set was formed on the basis of MHSCHF data for 1995 and 2000 and MHSAMI data for 1995. The data were merged to broaden the spectrum of disease (with regard to both disease severity and type of heart failure) and to enhance the generalizability of the criteria. We hypothesized that the majority of noncases would arise from MHSAMI while the majority of cases would arise from MHSCHF.
Statistical methods
Development of the Minnesota Heart Failure Criteria. There are numerous methods by which a classification scheme for heart failure can be derived (13, 24) . For this study, we chose LCA, an established method of categorical data analysis which has been used previously to validate diagnostic tests in the absence of a perfect reference standard (25) (26) (27) (28) (29) . LCA is ideally suited for this purpose, because it makes no assumption about the independence of errors between the diagnostic test and the reference standard, which helps in avoiding the known problem of inflated validity estimates with the use of an imperfect reference standard (29, 30) . LCA uses a nonlinear statistical model to classify groups of subjects who have shared characteristics into latent classes (e.g., diagnostic subgroups) (30, 31) . It achieves this by maximizing a mathematical likelihood function based on the patients' distributional pattern of signs, symptoms, and physiologic markers present at the time of evaluation. Given that the distribution of criterion variables is biologically relevant to the disease classification and there are sufficiently large numbers of cases and noncases to support these categorizations, LCA can identify the disease subcategories reliably. LCA is discussed further in other publications (28, (30) (31) (32) and in Web appendix 1, which is posted on the Journal's website (http://www.aje.oxfordjournals.org).
Variable selection. The variables defining the categories of heart failure were chosen on the basis of clinical relevance using the short Framingham Criteria, plus LVEF (table 1). They included dyspnea at rest or upon exertion, pulmonary rales, cardiomegaly, interstitial or pulmonary edema, the S 3 heart sound, tachycardia (resting heart rate >120 beats/minute), and LVEF (<40 percent, 40 percent, or missing data).
LCA model selection. A challenge of LCA is to choose the most appropriate number of latent classes using a parsimonious set of criterion variables. We set out to identify a plausible classification structure for heart failure with the fewest possible number of criterion variables. However, given the limited availability of variables in MHSAMI, we opted to include all seven variables in the initial LCA model. We then compared the goodness of fit of this model with varying numbers of diagnostic classes. Nested models were evaluated through goodness-of-fit statistics: the Pearson chisquared (v 2 ) test, the likelihood ratio chi-squared (L 2 ) test, Akaike's information criterion, and the Bayesian information criterion. All LCA models were fitted using Latent GOLD (version 2.0; Statistical Innovations, Belmont, Massachusetts) (33) .
Mortality comparison: LCA model versus previous truncated criteria. In the absence of a perfect gold standard, a diagnostic test can be validated by comparing its results against a known consequence of the disease (34-37). Since a major predictable outcome of heart failure is short-term mortality (38) (39) (40) (41) (42) (43) (44) (45) , we hypothesized a priori that true heart failure cases would have a greater risk of mortality than noncases and that a positive deviation in mortality from noncases would reflect the discriminatory power of the criterion. Upper zone flow X * MHSCHF, Minnesota Heart Survey Community Surveillance of Heart Failure; MHSAMI, Minnesota Heart Survey Acute Myocardial Infarction.
y Pooled data from the MHSCHF and MHSAMI studies. z Dyspnea at rest or upon exertion. § Basilar or more than basilar rales. { Cardiomegaly on chest radiograph or cardiothoracic ratio 0.5. # Alveolar or interstitial pulmonary edema. ** Interstitial or pulmonary edema. yy Heart rate >110 beats/minute.
To this end, we fitted age-and sex-adjusted linear models to obtain absolute risk estimates of 2-year mortality for each LCA category. All-cause mortality, rather than heart-failure-specific mortality, was used to avoid possible misclassification resulting from death due to multisystem disease. We compared these estimates against those obtained similarly with sets of commonly used heart failure criteria (i.e., the Framingham Criteria (46), the Killip Score (47), the Duke Criteria (34) , and the Boston Score (19)) which were adapted for use with data available in the Minnesota Heart Survey. The purpose here was to show the amount of additional information about the lethality of heart failure that is contained in a set of existing criteria, as a base for a similar examination of the LCA criteria. However, these results do not reflect the full potential of each criterion, since only those variables for which data are routinely collected in hospitals and are readily available in the Minnesota Heart Survey were used (referred to herein as ''previous truncated criteria'').
In MHSCHF, it was possible to compute results for both a ''short'' set of Framingham Criteria (a six-item score based on widely available items) and a ''long'' set of Framingham Criteria (a 13-item score based on variables commonly assessed when evaluating possible heart failure) (table 1) . It was only possible to compute results for the ''short'' Framingham Criteria in MHSAMI, since the collection of data on heart-failure-related variables was not part of the central aims of that study. Of the original 17 Framingham Criteria items (table 1), the long Framingham Criteria excluded factors that are not currently commonly assessed in patients being evaluated for possible heart failure: circulation time (25 seconds), increased venous pressure (>16 cm of water), vital capacity (1/3 of maximum), and night cough.
To allow comparability with previous truncated criteria, LCA classes were collapsed into dichotomous disease categories (i.e., noncases and cases). We assessed possible interaction of the relation between diagnostic criteria and mortality with LVEF. All statistical analysis (excluding LCA) was performed using SAS for Windows (version 8.2; SAS Institute, Inc., Cary, North Carolina).
RESULTS
Development of the Minnesota Heart Failure Criteria
We began by examining the prevalence of each criterion variable in all subjects, as well as in cases identified by the short Framingham Criteria separately for MHSAMI and MHSCHF (table 2) . As expected, more subjects in MHSCHF than in MHSAMI presented with each of the seven heart failure criterion variables. Among cases identified by the short Framingham Criteria, pulmonary rales were less common in MHSAMI as compared with MHSCHF (40 percent vs. 95 percent), as were the S 3 heart sound (9 percent vs. 22percent) and dyspnea(78 percentvs.93percent). MHSAMI subjects who fulfilled the short Framingham Criteria for heart failure more often had a high heart rate (30 percent vs. 16 percent) and pulmonary edema (77 percent vs. 55 percent).
The prevalences of cardiomegaly and low ejection fraction were similar between MHSCHF and MHSAMI.
Bearing these differences in mind, we found that a fiveclass LCA model had a good fit to the observed data (Web appendix 1). The distributions of signs and symptoms by diagnostic class are shown in table 3. The LCA model shows that class 1 subjects had the lowest probability of presenting with the seven criterion variables: Few, if any, of these subjects had the S 3 heart sound, interstitial or pulmonary edema, or tachycardia, though a relatively large proportion (40 percent) of subjects had dyspnea. Therefore, on the basis of the distributional pattern of conditional probabilities for the seven criterion variables, we labeled class 1 subjects ''noncases. '' In contrast, subjects in class 5 had the largest probability of presenting with a criterion variable: Nearly all of them had dyspnea, pulmonary rales, and cardiomegaly, while they also had the highest probability of presenting with depressed LVEF. Few subjects had the S 3 heart sound in any other heart failure class, whereas over half of all class 5 subjects had the S 3 heart sound. Therefore, we labeled these subjects as having ''advanced heart failure.'' Among the remaining classes, the distinctions were less clear: A defining feature of class 3 was that nearly all subjects had interstitial or pulmonary edema, in contrast to class 2, where only 1 percent of subjects had the sign. Among class 3 subjects, the presence of interstitial or pulmonary edema was consistent with a high prevalence of dyspnea and pulmonary rales. We hypothesized that subjects in classes 2, 3, and 4 had one form or another of ''heart failure.''
The prevalence of each diagnostic class (i.e., unconditional probability) is also shown in table 3. The ''noncases'' formed a large group comprising 28 percent (2,057/7,379) of the study population; the remaining 72 percent were classified as having some form of heart failure. The distribution of conditional probabilities and the consequent formation of the diagnostic classes were consistent with the population of origin: The ''noncases'' had the largest proportion derived from MHSAMI (84 percent), whereas nearly all subjects with ''advanced heart failure'' originated from MHSCHF. The majority of subjects with an LVEF under 40 percent originated from the MHSCHF data set: Only 32 percent of subjects in class 4 and 1 percent of subjects in class 5 were from MHSAMI.
The posterior probabilities of diagnostic class membership for subjects with all signs and symptoms and a known LVEF (2 7 , or 128 patterns), as well as those with missing data on LVEF (2 6 , or 64 possible patterns), are shown in Web appendix 2 (http://www.aje.oxfordjournals.org). One hundred and fifty of the 192 possible response patterns were observed in our study population; we observed at least 10 patients in 82 categories. The response patterns listed in Web appendix 2, together with LCA class assignment based on their respective posterior probabilities, form the Minnesota Heart Failure Criteria.
Application of the Minnesota Heart Failure Criteria in an epidemiologic setting is illustrated through an example: Suppose retrospectively abstracted medical records indicate that a subject had pulmonary rales, the S 3 heart sound, interstitial or pulmonary edema, cardiomegaly, and dyspnea but had missing data for LVEF. Web appendix 2 (observation number 187) would classify this person as belonging to class 5 with 74 percent certainty. With regard to risk stratification, we can further state that the person has advanced heart failure with a 53 percent risk of 2-year mortality. A simple SAS program that provides an algorithm for classifying people into the corresponding LCA categories based on the seven manifest variables for heart failure is downloadable from a University of Minnesota website (http:// www.epi.umn.edu/mhf).
Mortality comparison: previous truncated criteria versus Minnesota Heart Failure Criteria
The results shown in tables 4 and 5, when interpreted together, establish the discriminatory power of the Minnesota Heart Failure Criteria. As compared with the previous truncated criteria, noncases identified by the Minnesota Heart Failure Criteria had the lowest mortality (18 percent), while cases had mortality equal to that of the short Framingham Criteria (43 percent) (p for difference < 0.001; table 5). Moreover, cases with advanced heart failure had a significantly greater risk of mortality than usual heart failure cases (47 percent vs. 42 percent; p ¼ 0.003). The difference in mortality between heart failure and advanced heart failure was greater in MHSAMI (33 percent heart failure vs. 53 percent advanced heart failure; p ¼ 0.067) than in MHSCHF (45 percent heart failure vs. 50 percent advanced heart failure; p ¼ 0.014), though the statistical significance was marginal because there were only nine cases with advanced heart failure in MHSAMI. We also found that the discriminatory power of each criterion was modified by LVEF. Among cases identified by previous truncated criteria (table 4) , persons with a normal LVEF always had lower mortality than persons with a low LVEF, while those with a low LVEF and missing data had higher mortality. The lowest mortality was seen in noncases with normal LVEF (table 4); it equaled that of Minnesota Heart Failure Criteria noncases in the combined data set (table 5) . In both tables, persons with missing data on LVEF always had an intermediate risk, and those noncases with a low LVEF performed as poorly as the cases.
In addition, we found that the majority of persons in MHSAMI had a favorable mortality estimate (9 percent), while nearly all of the cases had an estimate comparable to that of the noncases in MHSCHF (33 percent) (table 5) . Thus, the choice of using MHSAMI as the dominant source of noncases was appropriate, given that most subjects appeared to be free of heart failure and the variables required for performing LCA were easily accessible.
Cross-classification of the Framingham Criteria and the Minnesota Heart Failure Criteria
We found that the classification achieved using the Minnesota Heart Failure Criteria was remarkably consistent with the long Framingham Criteria, which approximate the full Framingham Criteria (see upper half of table 6). In MHSCHF, the two criteria agreed in 95 percent (4,848/ 5,128) of participants, including 218 noncases and 4,630 cases. These two criteria disagreed only in 5 percent (280/ 5,128) of all cases who had an ICD-9 heart-failure-related discharge code. Among the 280 discordant pairs (116 identified by the long Framingham Criteria but missed by the * The combined data set (pooled data from the Minnesota Heart Survey Community Surveillance of Heart Failure (MHSCHF) Study and the Minnesota Heart Survey Acute Myocardial Infarction (MHSAMI) Study) was used in the calculation of 2-year absolute risks, adjusted for age and sex.
y Missing data on left ventricular ejection fraction were excluded from statistical testing. z AR, absolute risk; CI, confidence interval. § The short Framingham Criteria were based on six variables for which data were available in both the MHSCHF Study and the MHSAMI Study. short Framingham Criteria; 164 identified only by the Minnesota Heart Failure Criteria), the proportions differently classified by the two sets of criteria and their mortality rates were similar; mortality estimates for the 280 subjects were higher than in the 218 mutually classified noncases, but not significantly so. The limitations of the short Framingham Criteria were apparent. No one was classified as a noncase by the Minnesota Heart Failure Criteria but as a case by the short Framingham Criteria. In contrast, 647 cases were missed by the Short Framingham Criteria; these cases had mortality (44 percent) equivalent to that of the 3,983 persons classified as cases by both the Minnesota Heart Failure Criteria and the long Framingham Criteria. The lower half of table 6 compares the Minnesota Heart Failure Criteria and the short Framingham Criteria in MHSAMI, where results for the long Framingham Criteria were not available. The two criteria agreed in 88 percent of participants (1,976/2,251), including 1,723 noncases and 253 cases. The cases had a 2-year risk of mortality that was equivalent to that of the MHSCHF cases identified by both the Minnesota Heart Failure Criteria and the long Framingham Criteria, while the noncases had substantially lower mortality than the noncases in MHSCHF. A total of 275 cases misclassified as noncases by the short Framingham Criteria had significantly greater mortality (32 percent) than noncases, similar to the mortality risk in MHSCHF of noncases and cases for whom the Minnesota Heart Failure Criteria and the long Framingham Criteria disagreed.
DISCUSSION
In this study, we set out to derive a new classification scheme for heart failure that was suitable for epidemiologyspecifically, one that could be useful for heart failure surveillance and mortality follow-up. We were cognizant in this endeavor that heart failure surveillance and case-finding, beyond potential cases already identified through physician diagnosis, would be unlikely to include the depth of relevant and decisive elements that the full Framingham Criteria call for. Thus, a more pragmatic classification scheme for heart failure is needed for epidemiologic research (especially if retrospective), and the LCA approach was intended to fill this gap. The Minnesota Heart Failure Criteria were derived using LCA with six widely available items from the Framingham Criteria, plus LVEF, an important marker of underlying cardiac physiology that was not included in the Framingham Criteria. The best-fitting model was a five-class model, which was collapsed into three categories of risk strata (i.e., noncase, heart failure, and advanced heart failure). Using high 2-year mortality as a proxy for true cases of heart failurewhich was reasonable given the high case fatality for heart failure-we showed that the LCA model provides better discrimination than the short Framingham Criteria and other previous truncated criteria considered in both patients hospitalized for congestive heart failure and patients hospitalized for acute myocardial infarction.
Thus, the Minnesota Heart Failure Criteria may be a suitable substitute for the long Framingham Criteria in situations that may hide heart failure, such as cases of acute myocardial infarction and chronic obstructive pulmonary disease. The fact that the long Framingham Criteria are unlikely to be implementable in such hospital records reduces their value for general heart failure surveillance. The comparability of the Minnesota Heart Failure Criteria with the long Framingham Criteria is notable, given the contrasting mechanisms by which each set of criteria was derived: The Minnesota Heart Failure Criteria are based on a statistical model and maximum likelihood estimation, whereas the Framingham Criteria are based on clinical plausibility.
We caution that we were only able to evaluate the value of a scheme using limited variables originally selected for classifying myocardial infarction, because of the restricted set of signs and symptoms available in MHSAMI. Therefore, there was no ''control'' group in the MHSCHF data set; rather, we used a comparison population in whom we thought heart failure would be relatively rare. Our data cannot confirm or firmly establish how well the previous truncated criteria would have performed had we had complete information on all of the required variables. Indeed, a study would have to be specially designed to obtain such a control set; this would probably be difficult, since very few patients without suspected heart failure are tested for the full set of 17 Framingham Criteria, and several of the original signs and symptoms are now rarely clinically assessed, even in patients suspected of having heart failure. Seen in this light, MHSAMI is a rich source for comparison with the MHSCHF data set, given that several critical heart failure signs and symptoms are included in MHSAMI and that there are some bona fide heart failure cases in the MHSAMI data set. We believe that most non-heart-failure data sets (e.g., data on chronic obstructive pulmonary disease patients) will not include many of the long Framingham Criteria variables, though they are more likely to include the six Minnesota Heart Failure Criteria variables and possibly data on LVEF. In this sense the LCA method, including LVEF, is capable of doing the desired epidemiologic job-namely surveillance of heart failure occurrence in a broad set of hospitalized patients, including many who were not specifically suspected of having heart failure.
The generalizability of the Minnesota Heart Failure Criteria must be verified in other populations, both to check their validity in other settings and to extend them to an outpatient setting. Repeatability is of particular concern for response patterns with a small number of subjects. Another limitation of our criteria is that they did not identify a separate category corresponding to clinical isolated diastolic dysfunction. Although LVEF is related to diastolic dysfunction, the other signs and symptoms are apparently not sufficiently indicative of isolated diastolic dysfunction for the final LCA model to identify a subgroup with isolated diastolic dysfunction.
Using LCA, we identified a plausible classification structure for heart failure with three categories of risk strata based on six Framingham Criteria variables for which data are readily available from medical records (i.e., dyspnea, pulmonary rales, cardiomegaly, S 3 heart sound, interstitial or pulmonary edema, and elevated heart rate), plus LVEF. We found that the LCA classification provides better discrimination between cases and noncases against several previous sets of truncated criteria and equal discrimination against a truncated form of the Framingham Criteria that closely approximates the full version but requires many fewer variables. The posterior probabilities from the LCA model (Web appendix 2 (http://www.aje.oxfordjournals.org)) form the basis for the Minnesota Heart Failure Criteria, which have the potential to facilitate the epidemiologic classification of heart failure.
